The distribution of genes for [Fe], [NiFel, and [NiFeSe] hydrogenases was determined for 22 Desulfovibrio species. The genes for [NiFe] hydrogenase were present in all species, whereas those for the [Fe] and [NiFeSe] hydrogenases had a more limited distribution. Sulfate-reducing bacteria from 16S rRNA groups other than the genus Desulfovibrio (R. Devereux, M. Delaney, F. Widdel, and D. A. Stahl, J. Bacteriol. 171:6689-6695, 1989) did not react with the [NiFe] hydrogenase gene probe, which could be used to identify different Desulfovibrio species in oil field samples following growth on lactate-sulfate medium.
The genes for three different hydrogenases have been cloned from sulfate-reducing bacteria of the genus Desulfovibrio (2, 8, 12, 22, 25, (27) (28) (29) . These two-subunit enzymes, classified as the [Fe] , [NiFe] , and [NiFeSe] hydrogenases (9, 19) are encoded by operons containing the structural genes hydAB, hynBA, or hysBA, respectively (for nomenclature, see reference 24) (Fig. 1) . Genes encoding a periplasmic [NiFe] hydrogenase have also been isolated from gram-negative bacteria of other genera (5, 7, 13, 21, 23) , while those for the periplasmic [Fe] and [NiFeSe] hydrogenases are found only in Desulfovibrio species. Nucleic acid sequencing and Southern blotting indicates that hydrogenase genes within a given class are strongly conserved and quite different from those in the other two classes. This allows a rapid assessment of the hydrogenase genes present in a type or newly isolated culture of Desulfovibrio species with gene probes derived from the three operons.
The hydrogenases from sulfate-reducing bacteria are also thought to play a key role in anaerobic metal corrosion, which represents a significant problem caused by these bacteria in oil and gas fields and other environments (6) . Routine testing with the lactate-sulfate test, in which hydrogen sulfide production is detected as a diagnostic black FeS precipitate, does not distinguish the different species and groups of sulfate-reducing bacteria that are now recognized (3) . Consequently, it is not clear at present whether all or only a few selected strains contribute to corrosion problems. The potential of hydrogenase gene probes for group or species identification in environmental samples is therefore of interest, primarily because the inherent specificities of these probes contrast with general metabolic activity assays, such as the lactate-sulfate test.
MATERIALS AND METHODS
Biochemical reagents. Enzymes used for restriction digestion and nick translation were obtained from Pharmacia.
Radioactively labeled [a-32P]dATP (3, 000 Ci/mmol, 10 low-stringency procedure, were used for prehybridization, hybridization with the radiolabeled probe, and washing of the blots at 68 and 42°C, respectively. These have been described in detail elsewhere (28) . After being washed, the filters were dried and autoradiographed.
Preparation of DNA probes. The DNA fragments used as probes are indicated in Fig. 1 . The 1.9-kb hydAB probe was isolated by digesting plasmid pHV150 (28) with BamHI and electrophoresis through low-gelling-temperature agarose. The 0.7-kb hydC, 1.0-kb hynBA, and 3.0-kb hysBA probes were similarly isolated by digesting plasmids pHVC5 (28), pHCAL2 (2) , and DV3 (kindly donated by A. E. Przybyla, University of Georgia, Athens) with EcoRI-Hindlll, EcoRI, and EcoRI, respectively. The gel-isolated fragments were radiolabeled by nick translation (10) [3] ) and "Desulfovibrio baarsii" (group 7), which were found to react weakly but reproducibly with one or two of the hydrogenase probes. "Desulfovibrio thermophilus," "Desulfovibrio sapovorans" (group 2), Desulfobulbus propionicus (group 3), and Desulfosarcina variabilis (group 6) were completely negative. The capacity to use hydrogen as a substrate for growth is by no means limited to the group 1 strains; Desulfosarcina variabilis and Desulfobulbus propionicus also have this capacity (3). It is possible that the hydrogenase genes present in these other groups of sulfate-reducing bacteria are not sufficiently homologous for detection with the probes cloned from group 1 strains.
Hydrogenase (26) , were found to be positive and weakly positive, respectively. The hydC gene, which potentially encodes a fusion protein -y of the a and ,B subunits of the periplasmic hydrogenase (22) and is located immediately downstream from the hydAB genes in Desulfovibrio vulgaris Hildenborough ( Fig. 1 (3, 20) .
b +, Strong hybridization; ±, weak hybridization (100-to 1,000-fold weaker than strong hybridization); -, no hybridization. UofA, as were FC18, FC19, SL2, and BS1, which were isolated from different locations (Table 2) . Thus, all of these isolates could be accurately typed by DNA hybridization methods. However, by using the hydrogenase gene probes, it was not possible to type isolates FC9 to FC17, which are likely all the same organism. The DNA from these field isolates appeared to hybridize somewhat with the hydAB probe on prolonged autoradiography (not shown in Fig. 2 (21) , Escherichia coli (13), Rhodobacter capsulatus (7), and Rhodocyclus gelatinosus (23) . The function of the enzyme has been firmly established as hydrogen uptake in several of these bacteria, and the genes for the small and large subunits have been referred to as hupSL (5, 7, 23) . Hydrogen is formed by the anaerobic degradation of organic matter and in oil field environments, electrochemically in the anaerobic corrosion cycle (6), as well as during the dissolution of sacrificial electrodes installed to provide cathodic protection of pipelines. Importantly, although [NiFe] hydrogenases have a low specific uptake activity (1.5 mmol of H2 per min per mg of protein for the D. gigas enzyme), they have a very high affinity for hydrogen (Km = 1 ,uM [4] ), whereas [Fe] hydrogenases have a very high specific uptake activity (50 mmol of H2 per min per mg of protein for the D. vulgaris Hildenborough enzyme) but a low hydrogen affinity (Km = 30 to 300,uM). It thus appears that all group 1 Desulfovibrio species tested have the high-affinity, low-activity uptake enzyme, while a subpopulation has the high-activity, lowaffinity periplasmic [Fe] hydrogenase. As discussed elsewhere (24), the latter species might have an advantage in environments with high average concentrations of hydrogen, because they could be capable of harvesting hydrogen at much higher rates than species lacking the gene. If this interpretation of the role for the two uptake hydrogenases is correct, several Desulfovibrio species that could take advantage of high hydrogen concentrations if such conditions were to arise exist in oil fields ( Fig. 2 and 3) .
Although all Desulfovibrio species contain at least one periplasmic uptake hydrogenase, there is no evidence at (22, 28) , is rare and has so far been demonstrated with certainty only in DNA isolated from three related British strains (Table 1 ) (see reference 18 for a description of the origins of these and many of the other strains). The [NiFeSe] hydrogenase, which has similar activities in hydrogen uptake and production, is more widespread, but its function and localization are still controversial (24) . Also, D. fructosovorans, which has been shown to be a hydrogen producer during growth on fructose (1, 16), appears to lack the hysBA genes for [NiFeSe] hydrogenase ( Table 1 ), suggesting that this enzyme is not specialized in hydrogen production. A universal cytoplasmic hydrogenase therefore cannot be identified in Desulfovibrio species, and the possibility that a reversible periplasmic [Fe] or [NiFe] hydrogenase is responsible for both hydrogen production and consumption in some species (e.g., D. fructosovorans) must be considered. (Fig. 3 ). -, Failure to hybridize.
fact that different species have hybridizing genes on differently sized restriction fragments allowed the recognition of up to three species in a single sample in this study (Table 3) . No species differentiation is possible with the broad spectrum metabolic activity tests listed above. The use of hydrogenase gene probes allows the presence, appearance, or disappearance of a given species to be monitored in an oil field operation. The results in Fig. 3 were obtained for nine different oil field sites (Table 3 , sites I through IX), all in the province of Alberta, Canada. Samples from a given site which comprises different production facilities have been ordered according to the process sequence. As an example, at site II the oil is treated in a washtank and then in two water plants in the sequence from 6 to 7 to 8 ( Devereux et al. (3) . There is, therefore, an incentive to isolate specific probes for these other groups, a problem that is complicated by the fact that the molecular biology of these bacteria is presently in its infancy. However, the development of such probes may allow precise identification of key corrosion organisms, which is difficult to achieve with broad-spectrum metabolicactivity tests.
